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Several methods have been used to evaluate engraftment after allogeneic bone marrow transplantation (BMT). We assessed the usefulness of a multiple short tandem repeat (STR) amplification kit combined with a capillary electrophoresis unit for DNA identity analysis in the evaluation of engraftment after BMT. For 17 of 18 patients, at least 1 locus showed unique alleles for the donor and the recipient. In all cases, at least 1 locus was informative for the presence of small amounts of recipient DNA. The results from STR analysis were the same as Southern blot analysis in 14 of 17 cases. Differences included mixed chimerism detected only with STR analysis, informative loci present only with STR analysis, and informative loci present only with Southern blot analysis (1 case each). By using mock mixed chimeras, minor populations of 5% were detected routinely in all loci using the kit manufacturer's default protocol. By increasing the amount of amplified DNA, minor populations of 1% were detected in all cases but not in all loci. This single reaction technique provides for faster results, reduced workforce needs, and greater sensitivity than traditional Southern blot.
A variety of methods have been used to evaluate engraftment after allogeneic bone marrow transplantation (BMT). These have included immunoglobulin allotyping, sex chromosome analysis, cytogenetic analysis, RBC phenotyping, and restriction fragment length polymorphism analysis, 1 each of which have limitations, including intensity of labor, sensitivity, and degree of informativeness. The application of polymerase chain reaction (PCR)-based technology has greatly enhanced our ability to detect small amounts of host or donor cells. Radionucleotide incorporation-PCR 2 and PCR using fluorescently labeled primers [3] [4] [5] have been used successfully to evaluate the genotypic status of blood from BMT recipients after transplantation. PCR amplification techniques have been shown to be very sensitive and can be useful for rough quantitative analysis. 4 One set of loci that have been the focus of much interest are short tandem repeat (STR) regions, which are highly polymorphic, simple, repetitive, noncoding sequences of 2 to 7 bases in length that vary in the number of repeat units among different persons. Appropriately designed primers result in a range of products that do not overlap across different loci and, therefore, allow for the simultaneous amplification and analysis of multiple loci (multiplexing). This technique, combined with different fluorescent labels for various primers, increases the number of loci that can be assessed simultaneously. Several commercial kits that have been validated in forensic and paternity applications [6] [7] [8] [9] [10] are available. We evaluated the use of an amplification kit (PowerPlex 1.2 Geneprint STR, Promega, Madison, WI) and a capillary electrophoresis unit (310 ABI, PerkinElmer, Foster City, CA) for fluorescent detection and analysis in the evaluation of engraftment and chimerism after BMT.
Methods
Selection of Cases
DNA from 18 patients who underwent allogeneic BMT at Duke University Medical Center, Durham, NC, as treatment for a variety of hematologic disorders was tested. Pretransplant diseases included metachromatic leukodystrophy, 1; acute lymphoblastic leukemia, 5; acute myelogenous leukemia, 3; chronic myelogenous leukemia, 2; aplastic anemia, 1; accelerated Chédiak-Higashi syndrome, 1; and homozygous sickle cell disease, 1. The mean ± SD patient age was 9.3 ± 7.44 years (range, 1-33 years). There were 12 females and 6 males. Twelve patients received marrow from first-degree relatives, while 6 patients had unrelated donors. For 16 patients, the analyzed samples included donor, pretransplant, and posttransplant peripheral blood samples. For 2 patients, only pretransplant and posttransplant samples were available. For 17 patients, bone marrow engraftment had been assessed previously by using restriction fragment length polymorphism (RFLP) analysis using Southern blot hybridization. Persons involved in the analysis of the Geneprint data were blinded to the results of the Southern blot analysis.
DNA Preparation/Variable Number Tandem Repeat Analysis by RFLP
DNA was extracted from peripheral blood by using standard phenol-chloroform methods and digested with TaqI enzyme. Southern blot analyses were probed with 5 variable number tandem repeat (VNTR) probes ❚Table 1❚. The probes were pYNZ2, 11 pJCZ67, 12 pYNZ22, 13 pTBQ7, 14 and pTHH59. 15 
VNTR Analysis by PCR
Eight posttransplant specimens from 3 additional patients were evaluated for identity using PCR-VNTR amplification with fluorescently labeled primers and for products detection using an ABI-373 Genescan DNA sequencing system (Perkin-Elmer). The VNTR loci assessed by PCR ( 
STR Amplification
Genomic DNA samples were amplified by using the manufacturer's directions. In brief, each reaction was performed in 0.2-mL Thermowell tubes (Costar, Corning, NY) and contained: Promega 10× Gold STR Buffer, 2.5 µL; genomic template DNA, 0.7 ng/L, 2.5 µL (1.75 ng); PerkinElmer Amplitaq Gold Polymerase, 5 U/L), 0.45 µL; Promega 10× primer pairs, 2.5 µL; sterile water to a final volume of 25 µL, 17.05 µL.
Each reaction mixture was covered with a single drop of mineral oil. The reactions were carried out in a Perkin-Elmer 9700 thermal cycler using the following protocol adapted from the manufacturer's recommendations: 95°C for 11 minutes; 96°C for 1 minute; 10 cycles, 94°C for 30 seconds, 60°C for 30 seconds (ramp from 94°C to 60°C at 30%), and 70°C for 45 seconds (ramp from 60°C to 70°C at 30%); 22 cycles, 90°C for 30 seconds, 60°C for 30 seconds (ramp from 94°C to 60°C at 30%), and 70°C for 45 seconds (ramp from 60°C to 70°C at 30%); 60°C for 30 minutes; and 4°C hold. Amplified products were stored at -20°C until further analysis.
Product Detection and Analysis
Reaction products were detected by using a Perkin-Elmer ABI 310 capillary genetic analyzer with a 47 cm × 50 µm capillary (Perkin-Elmer Applied Biosystems, Foster City, CA) using Performance Optimized Polymer 4 (Perkin-Elmer Applied Biosystems). A single microliter of PCR reaction sample was mixed with 24.5 µL of deionized formamide and 0.5 µL of CXR ladder (Promega) as an internal lane standard. Samples were denatured at 95°C for 3 minutes before loading. Electrophoresis was performed according to the manufacturer's instructions. Allele designations were determined using the PowerPlex 1.2 test file template (Promega) using Genotyper Software (Perkin-Elmer Applied Biosystems).
Results
Informativeness
We defined an STR locus as being informative for minor DNA populations if analysis of donor and pretransplant recipient samples showed a unique allele ❚Figure 1❚ and ❚Image 1❚. In 17 (94%) of 18 cases examined with the PowerPlex 1.2 octaplex, at least 1 locus showed unique alleles for the donor and the recipient. In all 18 cases, at least 1 locus was informative for the presence of small amounts of recipient DNA (a unique peak was present in the recipient's profile). In a single case, no locus was informative for the presence of a small population of donor DNA. Additional analysis of this sample using a separate quadriplex system (FFFL kit, Promega) demonstrated 1 locus informative for donor DNA. In 13 (72%) of 18 cases, more than 4 loci were informative for donor and recipient ❚Table 3❚. In the assessment of each of the PowerPlex 1.2 kit subcomponents (GammaSTR and CTTv) separately, 1 additional patient lacked any informative locus such that both component kits had at least 1 informative locus in 16 of 18 patients tested. Thus, the PowerPlex 1.2 octaplex system was informative in cases in which the component kits would not have provided useful information. In 14 of 18 cases, the analysis revealed exclusively the donor's genotype with no detectable recipient DNA. In 3 of 18 cases, the result was a mixed chimera with a majority of donor origin. In a single case, the posttransplant profile matched that of the recipient, but small quantities of donor DNA would not have been detected using this system.
Reliability
In the 17 cases for which RFLP analysis was available, the STR results matched those of the Southern blot in 14 (82%). In 1 case, the STR method was informative, while the Southern blot technique was not. In 1 case, a mixed chimera was identified by the STR method that was not detected by Southern blot. A single case that was informative on Southern blot was not informative for donor DNA using the PowerPlex system. Further analysis using the Promega FFFL kit, which tests 4 additional STR loci, was informative for the donor genotype and failed to demonstrate the presence of donor DNA.
Sensitivity and Quantitation
Four mock mixed chimeras were created by mixing recipient DNA with appropriate amounts of donor DNA to test the sensitivity of the PowerPlex 1.2 system for detecting minor populations. By using the manufacturer's recommendations, we were able to consistently detect the minor population at a sensitivity of 5% for most loci. By increasing the amount of test DNA in the amplification reaction 10-fold to a total of 17.5 ng in combination with manually setting the yaxis to an intensity of 400 using the Genotyper software, we were able to detect mixed chimeras with as little as 1% minor population in all 4 mock chimeras created. However, the 1% population was not detected in all loci.
The ability to quantify the percentage of the minor population was evaluated with 3 mock chimeras containing 10% minor DNA. The minor DNA percentage was calculated for all informative loci based on peak areas and peak heights as determined by Genotyper software. Calculated percentages ranged from 1.2% to 37% based on peak area and 1.2% to 35% based on peak height. The mean ± SD was 17.9% ± 11.7% based on peak area and 16.5% ± 11.5% based on peak height. Comparison of STR analysis with PCR-VNTR was accomplished by using 8 posttransplant samples from 3 patients. The percentage of donor DNA was estimated for each sample, and the findings were similar using both techniques ❚Table 4❚.
Discussion
After BMT, the recipient's hematopoietic cells may be eliminated completely and replaced by the graft. While persistent donor chimerism predicts disease-free survival, 21 it is not uncommon to find mixtures of donor and recipient cells. disease-free survival; however, the detection of a progressive return of recipient cells often heralds relapse. 22, 23 The analysis of STRs with PCR as a means of detection or assessment of mixed chimerism in BMT recipients is well documented. 24 In the present report, we describe our experience with a commercially available kit to assess 8 STR loci in BMT recipients. Owing to primer composition, product size, and fluorescent labels, all 8 amplification reactions could be performed in 1 tube with as little as 2 ng of DNA. A single PCR amplification of these 8 loci provided an informative locus for the donor and recipient in 17 of 18 cases, similar to that reported in other studies. Oberkircher et al 2 evaluated 4 microsatellite loci (D6S264, D3S1282, D18S62, and D3S1300) and found a unique band for the recipient in at least 1 locus in 48 of 50 cases (96%). A unique band for both donor and recipient was found in 41 (82%) of 50 cases.
In addition to being highly informative, the STR method offers sensitivity and the potential for rough estimation of the minor population. Others have reported the ability to detect the presence of a minor population at a sensitivity of 1% to 0.5% by using the amplification of a single locus. 2, 4, 25 By increasing the amount of test DNA 10-fold, we were able to detect minor populations at similar levels. Of note, the sensitivities in our material differed from locus to locus, a phenomenon reported previously. 25 Increased sensitivity might be gained, if needed, by purifying selected subsets of myeloid or lymphoid lineage or by using individual primer pairs after identification of informative loci using the multiplex system.
Our results show that Genotyper-generated peak areas and heights approximately predict the true percentage of a mixture containing 10% of the minor population but with a high standard deviation and range. Others have reported more accurate predictions using single locus amplifications and 50% constructs. 4 Factors that may influence quantitative PCR techniques and that may be confounded in a multiplex system include the nonlinearity of the PCR reaction and differential amplification of alleles of varying size. These factors potentially could be overcome by combining the findings of the multiplex system with replicate analysis of individual informative loci. Optimizing the amplification parameters for an individual locus and terminating the reaction during the linear phase of PCR might provide increased sensitivity and a more precise estimate of the minor population. Alternatively, the creation of a standard curve by amplifying a range of donor-recipient pairs also might improve accuracy but at the cost of substantially increased time and expense. While studies evaluating the relationship of mixed chimerism to relapse have shown that the detection of a progressive return of recipient cells often heralds relapse, 22, 23 additional studies are needed to address clinical needs in regard to sensitivity and precision for estimating the percentage of a mixed chimera that is derived from the recipient. We evaluated the application of a commercially available kit for the assessment of chimerism after BMT. The advantages of the multiplex system are many. The technique is performed easily and turnaround time is short. The ability to assess DNA from minute quantities of material may be useful during the early posttransplantation period when the cellularity of peripheral blood and bone marrow is reduced. Third-party cells (eg, transfusions), if present, can be identified readily owing to their unique genetic profile. The most important advantage of the multiplex technique is the high likelihood of an informative result.
